Liposomes have attracted significant attention as a class of antimicrobial delivery vehicles owing to their unique features including biocompatible lipid materials, a bilayer structure capable of fusing with microbial membrane, readily modifiable formulation properties, and high drug loading capacity.^[@ref1]−[@ref3]^ However, the applications of liposomes, particularly those with sizes below 100 nm, are often hindered by their poor stability due to spontaneous fusion among liposomes, causing payload loss and undesired mixing.^[@ref4],[@ref5]^ Using polymers such as poly(ethylene glycol) (PEG) to coat liposome surface is a common strategy to stabilize liposomes.^[@ref6],[@ref7]^ The PEG coating prevents liposomes from aggregation and fusion by providing steric hindrance; it also suppresses nonspecific interactions of liposomes with blood components (opsonization) and thus significantly improves liposome blood residency time.^[@ref8],[@ref9]^ Despite these advantages, PEGylated liposomes are less frequently used for topical applications to treat bacterial infections. This is mainly because the polymer coating not only stabilizes liposomes against fusion with each other but also prevents them from fusing with bacterial membranes, to which the antimicrobial payloads need to be delivered.^[@ref10],[@ref11]^ Therefore, liposome formulations that are stabilized against fusion prior to "seeing" target bacteria, yet can resume their fusion activity once reaching the infection sites are highly desirable.

To address this challenge, an emerging strategy to stabilize liposomes for effective antimicrobial delivery, especially for topical administrations, is to adsorb small charged nanoparticles onto liposome surfaces.^[@ref12]−[@ref14]^ The nonspecific adsorption of charged nanoparticles onto phospholipid bilayers provides steric repulsion that inhibits liposome fusion. It can also reduce liposome surface tension and further enhance liposome stability.^[@ref15],[@ref16]^ Intriguingly, the charge and charge density of both the nanoparticle stabilizers and the liposomes can be precisely tailored to enable stimulus-responsive binding and detaching of the nanoparticles, thereby allowing for an on-demand control over liposome fusion activity for smart drug delivery. For instance, cationic liposomes bound with negatively charged gold nanoparticles only fuse with bacteria at acidic pH, and are therefore suitable to treat various skin pathogens that thrive in acidic infection sites such as *Propionibacterium acnes*.^[@ref17]^ Conversely, anionic liposomes stabilized by positively charged gold nanoparticles are highly stable in gastric acid, but capable of fusing with bacteria at physiological pH, making them suitable to treat gastric pathogens such as *Helicobacter pylori*.^[@ref18]^ Even in the absence of such stimulus-responsive binding and detaching of the nanoparticle stabilizers, these stabilized liposomes still preserve a substantial fraction of their surface areas untouched and highly accessible to bacterial toxins. This feature allows the liposomes to respond to various bacteria such as *Staphylococcus aureus* (*S. aureus*) that secrete pore-forming toxins to trigger drug release from the liposomes.^[@ref19]^

With the rapid development of nanoparticle-stabilized liposomes as an emerging antimicrobial delivery platform underlined by the various exciting stimulus-responsive drug release mechanisms, a practical and reliable formulation of such nanodelivery platform is urgently needed for enabling preclinical and clinical tests. To address this unmet need, using hydrogels as a vehicle to incorporate nanoparticle-stabilized liposomes for topical applications represents a promising solution.^[@ref20],[@ref21]^ Hydrogels are hydrophilic 3D polymer networks with established applications in tissue engineering and drug delivery.^[@ref22]−[@ref24]^ Hydrogels with high water content, tunable viscoelasticity, and biocompatibility, have been intensively explored to enable topical delivery of bioactive molecules, with some successes in delivering conventional liposomes.^[@ref25],[@ref26]^ More importantly, successful integration of nanoparticle-stabilized liposomes with polymeric hydrogels will combine the advantages of the two distinct drug delivery platforms and thus open the door to more advanced topical drug delivery with unique benefits such as improved tissue localization, minimized burst release, and controlled sequential drug release.^[@ref27]−[@ref31]^

Herein, we report the development of a hydrogel formulation that contains pH-responsive gold nanoparticle-stabilized liposomes suitable for topical antimicrobial delivery ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In this study, carboxyl-modified gold nanoparticles (AuC) were used as stabilizers for cationic liposomes (denoted AuC--liposomes). We chose a chemically cross-linked polyacrylamide gel as a model hydrogel system for its simple preparation, high stability, and intensive clinical uses.^[@ref32],[@ref33]^ We showed that the hydrogel viscoeleasticity could be precisely tailored by varying the cross-linker concentration, which subsequently resulted in tunable release kinetics of the incorporated AuC--liposomes. We further demonstrated that the hydrogel formulation preserved the structural integrity of the nanoparticle-stabilized liposomes and the released liposomes could fuse with bacterial membranes in response to acidic environment (*i.e.*, pH = 4.5) relevant to various skin infections.^[@ref34]−[@ref37]^ In addition, when topically applied on mouse skin, the AuC--liposome hydrogel formulation did not generate any observable skin reaction and toxicity within a 7-day treatment, implying its potential as a safe and effective topical treatment option against skin microbial infections.

![Schematic illustration of hydrogel containing nanoparticle-stabilized liposomes for topical antimicrobial delivery. Carboxyl-modified gold nanoparticles (AuC) were adsorbed onto the outer surfaces of cationic liposomes to stabilize them against fusion. The AuC--liposomes were subsequently embedded into an acrylamide-based hydrogel. At physiological pH (pH = 7.4), AuC--liposomes were released from the hydrogel in their entirety. When the pH drops below the p*K*~a~ value of the carboxylic group (p*K*~a~ ∼ 5), the AuC stabilizers detached from the liposomes, resulting in the formation of bare liposomes with resumed fusion activity.](nn-2014-00110a_0002){#fig1}

Results and Discussion {#sec2}
======================

The preparation of AuC--liposome hydrogel can be divided into two steps. In the first step, we prepared AuC--liposomes by following a previously established protocol.^[@ref17]^ Briefly, cationic phospholipid liposomes consisting of 90 wt % hydrogenated [l]{.smallcaps}-α-phosphatidylcholine (EggPC) and 10 wt % 1,2-di-(9*Z*-octadecenoyl)-3-trimethylammonium propane (DOTAP) were prepared through the standard extrusion method, followed by mixing with AuC at a liposome-to-AuC molar ratio of 1:200. Consistent with our previous finding, this ratio ensured that the amount of AuC adsorbed onto the liposome surface effectively prevented liposome fusion in suspensions.^[@ref17]^ In the second step, we prepared AuC--liposome hydrogel by mixing AuC--liposomes with acrylamide as the monomer and poly(ethylene glycol) dimethacrylate (PEGDMA) as the cross-linker. Hydrogelation was initiated by adding ammonium persulfate and tetramethylethylenediamine (TEMED). The reaction was allowed to proceed for 12 h at room temperature. In the following studies, we kept the concentrations of AuC--liposome, acrylamide, ammonium persulfate, and TEMED constant at 1 mg/mL (lipid content), 40 mg/mL, 1 mg/mL and 1 μL/mL, respectively, and explored three different PEGDMA concentrations of 0.6, 0.7, and 0.8 vol % to study the corresponding hydrogel rheological properties and liposome release profiles.

The hydrogelation process was allowed to proceed at room temperature for 4 h. Following the reaction, the cherry red color characteristic to the AuC nanoparticles due to their surface plasmon resonance was preserved in all samples. Morphological observation of the hydrogel showed that both AuC nanoparticles and the liposomes were uniformly distributed in the gel ([Figure S1](#notes-1){ref-type="notes"}). Comparison of the AuC nanoparticle surface plasmon resonance absorption indicated the absence of gold aggregation during gel formation and 7-day storage at 4 °C ([Figure S2](#notes-1){ref-type="notes"}). Apparently, increasing the cross-linker concentration resulted in hydrogels with increasing viscosity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). When the cross-linker concentrations were kept at 0.6 or 0.7 vol %, the resulting hydrogels behaved as viscous solutions that flew readily in the tilted vial with the latter more viscous. In contrast, when the cross-linker concentration was increased to 0.8 vol %, a freestanding hydrogel was formed. The visible viscosity differences were further quantified by dynamic rheological measurements of the storage modulus (*G*′) and the loss modulus (*G*″) as a function of frequency ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Samples with 0.6 vol % of cross-linker concentration showed the *G*′--*G*″ crossover and a strong dependency of both moduli on frequency, suggesting that the hydrogel behaved as an entanglement network and the sample was primarily viscous rather than elastic. At 0.7 vol % of the cross-linker concentration, both *G*′ and *G*″ increased accordingly and their values came close at low frequencies (\<1 Hz), indicating a transition from fluidic to more gel-like viscoelastic behavior. When the cross-linker concentration was further increased to 0.8 vol %, *G*′ exceeded *G*″ over the entire frequency range tested in the study, suggesting the formation of a hydrogel network.

![Formulation and rheological characterizations of AuC--liposome hydrogels. (A) A photograph of hydrogel samples made with three different cross-linker concentrations of 0.6, 0.7, and 0.8 vol %, respectively. (B) The storage modulus *G*′ and loss modulus *G*″ were plotted logarithmically against frequency (0.1--10 Hz at 25 °C) of the corresponding hydrogel samples.](nn-2014-00110a_0003){#fig2}

Following the preparation of AuC--liposome hydrogel, we examined the structural integrity of the AuC--liposomes incorporated in the hydrogel. To do so, we compared the size and surface zeta potential of the AuC--liposomes released from the hydrogel to those of the bare liposomes and the unincorporated AuC--liposomes at neutral pH ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Dynamic light scattering (DLS) measurements of the bare liposomes showed a diameter of 91.2 ± 0.9 nm (polydispersity index = 0.10 ± 0.02) and a surface zeta potential of 24.9 ± 1.5 mV. The measurements of unincorporated AuC--liposomes showed a diameter of 97.1 ± 1.0 nm (polydispersity index = 0.14 ± 0.02) and a surface zeta potential of −25.3 ± 0.7 mV. The slight size increase and the switch of surface charge from a positive value to a negative one were resulted from the attachment of AuC stabilizers to the liposomes. Then the AuC--liposomes were used to make hydrogels. Following the hydrogelation, hydrogel samples were immersed in water at pH = 7.4 and 37 °C. After 30-min incubation, we were able to detect released AuC--liposomes by using DLS. In the study, the variation of PEGDMA concentrations showed no effect on the values of liposome size and zeta potential. DLS measurements on the released AuC--liposomes showed an average diameter of 97.6 ± 1.1 nm (polydispersity index = 0.16 ± 0.03) and a surface zeta potential of −26.0 ± 1.9 mV. These values match those of the unincorporated AuC--liposomes. Further study showed that the released AuC--liposomes remained stable at pH = 7.4 when the hydrogel was incubated for up to 7 days ([Figure S3](#notes-1){ref-type="notes"}). These results suggest that the hydrogel formulation developed in this study is capable of preserving the integrity of the AuC--liposomes during the incorporation.

![Hydrodynamic size (A) and surface zeta potential (B) of bare liposomes (without AuC stabilizer), AuC--liposomes prior to the hydrogel incorporation, and AuC--liposomes released from the hydrogel.](nn-2014-00110a_0004){#fig3}

Next, we investigated the release kinetics of AuC--liposomes from the hydrogels with different cross-linker concentrations. The amount of released liposomes was quantified by measuring the amount of liposome-bound rhodamine B (RhB) dye detected in the incubation solution. Overall, increasing the cross-linker concentration resulted in a decreased liposome release rate ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Specifically, for the hydrogel sample with 0.6 vol % of the cross-linker, nearly 90% liposomes were released within 24 h. When the cross-linker concentration was increased to 0.7 and 0.8 vol %, within the first 24 h, only 25% and 17% liposomes were released, respectively. To gain a quantitative understanding of how cross-linker concentration affected AuC--liposome release, the liposome release profiles were analyzed using mathematical models established in previous hydrogel-mediated drug release studies.^[@ref38],[@ref39]^ The use of polyacrylamide hydrogel allows us to hypothesize that the liposome release kinetics are primarily dominated by diffusional liposome efflux with negligible contributions from the hydrogel network.^[@ref40]^ Therefore, a diffusion-dominant Higuchi model was applied to analyze the liposome release profiles: *M*~*t*~ = *Kt*^1/2^, where *M*~*t*~ is drug release at time *t* in hours and *K* is the Higuchi constant.^[@ref41],[@ref42]^ Plotting the liposome release percentage against the square root of time yielded linear fittings with *R*^2^ = 0.96, 0.97, and 0.97 for the three cross-linker concentrations of 0.6, 0.7, and 0.8 vol %, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The goodness of the fit indicates a diffusion-controlled liposome release mechanism. On the basis of this analysis, we determined the Higuchi constants of the three hydrogel formulations to be 17.3 ± 1.8, 5.5 ± 0.4, and 3.6 ± 0.3 h^--1/2^, respectively.

![Hydrogel-mediated liposome release. (A) Accumulative liposome release profile from the AuC--liposome hydrogels made with three different cross-linker concentrations of 0.6, 0.7, and 0.8 vol %, respectively. (B) The corresponding liposome release percentage was plotted against the square root of release time, which yielded linear fittings using a diffusion-dominant Higuchi model.](nn-2014-00110a_0005){#fig4}

Following the release study, we tested the pH-dependent fusion activity of the AuC--liposomes released from the hydrogels by using *S. aureus* bacteria. The hallmark of liposome-based antimicrobial activity is the ability of liposomes to fuse with bacteria, which either directly disrupt bacterial membrane or facilitate the release of antimicrobial agents directly into the bacterial cells.^[@ref3],[@ref18]^ On the basis of this property, we chose a liposome--bacterium fusion assay to study the fusion activity of the released liposomes and to evaluate the potential antibacterial activity of the AuC--liposome hydrogel. In the study, *S. aureus* bacteria (strain MRSA252) (5 × 10^8^ CFU in 1 mL buffer) were added to AuC--liposome hydrogel made with 0.8 vol % of PEGDMA and 0.5 mol % RhB-labeled liposomes, followed by adjusting the buffer pH to 7.4 and 4.5, respectively. The mixture suspensions were incubated at 37 °C for 30 min. Then the bacteria were thoroughly washed before observation under fluorescence microscope. For untreated bacteria, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, only nucleoids stained with DAPI (blue) were seen. However, when the bacteria were incubated with AuC--liposome hydrogel (containing RhB-labeled liposomes) at pH = 7.4 for 30 min, sporadic red dots in the peripheral area of the bacterial nucleoid were visible ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). Such weak fluorescence intensity is likely due to physical adsorption of AuC--liposomes onto the bacterial surface. In contrast, when the bacteria were incubated with AuC--liposome hydrogel at pH = 4.5, a significant increase of RhB fluorescence signal around the bacterial nucleoid was observed, suggesting an elevated fusion activity corresponding to the decrease of pH value ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). In addition, the fluorescence image clearly reflected the spherical shape of individual bacteria and the grape-like clusters of the bacterial colony, which were characteristic of *S. aureus* bacteria.^[@ref43]^ A zoomed-in image further demonstrated the bacteria after their incubation with the hydrogel at a subcellular resolution ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). In this image, RhB signal was exclusively and evenly distributed around the bacterial nucleoid, consistent with the fusion between liposomes and the bacterial membrane.

![Fluorescence study of the fusion interaction between hydrogel-released liposomes and *S. aureus* bacteria. Liposomes were labeled with fluorescent dye RhB (red) and the bacteria were stained with DAPI (blue). (A) Control bacteria without any treatment, (B) bacteria incubated with AuC--liposome hydrogel (PEGDMA 0.8 vol %) at pH = 7.4, (C) bacteria incubated with AuC--liposome hydrogel (PEGDMA 0.8 vol %) at pH = 4.5, (D) a zoomed-in image of (C), and (E) overall fluorescence intensity comparison of the bacterial samples of (A--C). The scale bars in (A--D) represent 1 μm.](nn-2014-00110a_0006){#fig5}

The microscopic observations were further confirmed by directly measuring the overall fluorescence intensity of the bacteria after their incubation with the hydrogel samples. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E, *S. aureus* bacteria incubated with the AuC--liposome hydrogel at pH = 4.5 showed a significantly higher level of fluorescence. In contrast, much weaker fluorescence emission was observed from the bacteria incubated with the hydrogel at pH = 7.4. Such differential liposome-bacterium fusion activity clearly demonstrates that the AuC--liposome hydrogel formulation can readily release AuC--liposomes to the bacterial culture, which then fuse with bacterial membrane in a pH-dependent fashion. This result also indicates the antimicrobial potential of the AuC--liposome hydrogel once bactericidal agents are loaded into the liposomes.

Finally, we evaluated the toxicity of the AuC--liposome hydrogel by using a mouse skin model. In this study, the mouse back skin was shaved 24 h prior to gel application to allow the skin to recover from any possible disturbance to the stratum corneum and then moistened with PBS right before the experiments. Then the hydrogel samples were topically applied onto the skin and kept for 24 h. The back of each mouse was cleaned every day before the new administration of the hydrogel. After a 7-day treatment, mouse skin treated with AuC--liposome hydrogel maintained its normal structure without any indications of toxicity such as erythema and edema. This skin structure resembles that treated with blank PBS buffer, which served as a negative control ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A,B). Following the skin morphology examination, a skin biopsy was collected at the end of the treatment and stained with hematoxylin and eosin (H&E). The AuC--liposome hydrogel treated skin maintained an undisturbed structure with a clear layer of healthy epidermal cells on top of the dermis layer, which was identical to the PBS treated skin sample ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C,D). The hydrogel toxicity was further evaluated by using a terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay to examine the viability of skin sections under the experimental conditions. Compared to the PBS control, there was no apparent increase of apoptotic staining in AuC--liposome hydrogel treated skin ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}E,F). The absence of any skin reaction and toxicity within a 7-day treatment suggests that topically applying AuC--liposome hydrogels is safe.

![Toxicity evaluation of the AuC--liposome hydrogel using a mouse skin model. Mouse skin was treated with PBS buffer (A, C, and E) and AuC--liposome hydrogel (B, D, and F), respectively. Following the treatment, the skin morphology of the two treatment groups was examined (A and B). The skin sections were further examined after H&E staining (C and D) and TUNEL staining (E and F).](nn-2014-00110a_0007){#fig6}

Conclusion {#sec3}
==========

In this study, we developed a hydrogel formulation that contains pH-responsive gold nanoparticle-stabilized liposomes for topical antimicrobial delivery. The viscoeleasticity of the hydrogel was precisely tailored by varying the cross-linker concentration, which resulted in tunable release kinetics of the incorporated liposomes. We also demonstrated that the hydrogel formulation preserved the structural integrity of the nanoparticle-stabilized liposomes. Using *S. aureus* bacteria as a model pathogen, we showed that the hydrogel formulation could effectively release nanoparticle-stabilized liposomes to the bacterial culture, which subsequently fused with bacterial membrane in a pH-dependent manner. In addition, when topically applied onto mouse skin, the hydrogel formulation did not generate any skin reaction within a 7-day treatment. Taken together, integrating nanoparticle-stabilized liposomes with hydrogel technology provides a unique and robust hybrid formulation for topical drug delivery against microbial infections.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Phospholipids including hydrogenated [l]{.smallcaps}-α-phosphatidylcholine (EggPC), 1,2-di-(9*Z*-octadecenoyl)-3-trimethylammonium propane (DOTAP), and 1, 2-dimyristoyl-*sn*-glycero-3-phosphoethanolamine-*N*-lissamine rhodamine B sulfonyl (DMPE-RhB) were purchased from Avanti Polar Lipids, Inc. To prepare carboxyl-functionalized gold nanoparticles (AuC), the following chemicals were purchased: hydrogen tetrachloroaurate (HAuCl~4~) (ACROS Organics), sodium borohydride (NaBH~4~) (ACROS Organics), and 3-mercaptopropionic acid (MPA, Sigma-Aldrich). To prepare hydrogel, acrylamide (used as the monomer), poly(ethylene glycol) dimethacrylate, (PEGDMA, used as the cross-linker), tetramethylethylene diamine (TEMED) and ammonium persulfate (both used as initiators) were purchased from Sigma-Aldrich. Potassium hydrogen phthalate and potassium phosphate monobasic were purchased from EMD and Sigma Aldrich, respectively, in order to prepare buffer solutions.

Preparation of AuC {#sec4.2}
------------------

The AuC nanoparticles were prepared using a sodium borohydride reduction method following a previously published protocol.^[@ref17],[@ref44]^ Briefly, aqueous solution of HAuCl~4~ (0.1 mM, 50 mL) was reduced by 5 mg of NaBH~4~ on an ice bath, resulting in the formation of bare gold nanoparticles. Then the bare gold nanoparticles were functionalized with carboxyl groups by overnight incubation with MPA (4 × 10^--4^ M) at room temperature. Following the reaction, the AuC nanoparticle suspension was washed three times using an Amicon Ultra-4 centrifugal filter with a molecular weight cutoff of 10 kDa (Millipore, Billerica, MA) and then suspended in aqueous solution at pH = 7.4. Transmission electron microscope (TEM) analysis confirmed that the AuC nanoparticles had a nearly uniform size of ∼4 nm in diameter and the dynamic light scattering (DLS) measurements showed a negative surface zeta potential of −24.8 ± 3.5 mV, both consistent with previous studies.^[@ref17],[@ref44]^

Preparation of AuC--Liposomes {#sec4.3}
-----------------------------

Cationic liposomes consisting of EggPC (zwitterionic phospholipid) and DOTAP (cationic phospholipid) were prepared *via* the standard extrusion method.^[@ref45]^ Briefly, 1 mg of EggPC and DOTAP mixture (weight ratio = 9:1) was dissolved in 1 mL of chloroform. The solvent was evaporated by gently blowing nitrogen gas over it for 15 min. Then, the dried lipid films were hydrated with 1 mL of deionized water, followed by vortexing for 1 min and sonicating for 3 min in a bath sonicator (Fisher Scientific FS30D) to produce multilamellar vesicles (MLVs). A Ti probe (Branson 450 sonifier) was used to sonicate the MLVs for 1--2 min at 20 W to produce unilamellar vesicles. To form narrowly distributed small unilamellar vesicels (SUVs), the solution was extruded through a 100 nm pore-sized polycarbonate membrane 11 times.

To prepare AuC--liposomes, the pH levels of both AuC and liposome suspensions were adjusted to 7.4 using NaOH. Then the liposomes and AuC at desired molar ratio were mixed together, followed by vortexing for 10 min. To quantify the adsorption of AuC onto the liposome surfaces, RhB-labeled liposomes were prepared by mixing 0.5 mol % of DMPE-RhB with lipid components prior to liposome preparation. The fluorescence emission spectra of RhB in the range of 550--650 nm were measured using a fluorescent spectrophotometer (Infinite M200, TECAN, Switzerland) at an excitation wavelength of 470 nm. Mixing AuC with fluorescently labeled liposomes resulted in the quenching of fluorescence intensity. Consistent with our previous studies, the quenching effect reached the maximum at an AuC-to-liposome molar ratio (*M*~AuC~/*M*~L~) of 280:1 at pH = 7.4, indicating the saturation of AuC on liposome surfaces at this molar ratio.^[@ref17]^ For hydrogel incorporation in this study, a smaller *M*~AuC~/*M*~L~ value of 200:1 was used because this ratio was adequate for AuC to prevent liposome fusion in suspensions.

Preparation of AuC--Liposome Hydrogel {#sec4.4}
-------------------------------------

The AuC--liposome-loaded hydrogel was made by mixing AuC--liposome suspension with acrylamide, PEGDMA, ammonium persulfate, and TEMED. The final concentrations of liposomes, acrylamide, ammonium persulfate and TEMED were kept constant at 1 mg/mL, 40 mg/mL, 1 mg/mL, and 1 μL/mL, respectively, while PEGDMA concentration was tested at 6, 7, or 8 μL/mL. The liquid mixture was vortexed for 10 min and then placed in a vacuum chamber at room temperature for 4 h to allow the complete gelation to occur.

Rheological Measurements {#sec4.5}
------------------------

The rheological analysis was carried out at 25 ± 0.1 °C on a strain-controlled AR-G2 rheometer (TA Instruments Inc., New Castle, DE) with parallel-plate geometry of 22 mm in diameter. Oscillatory rheological measurements were performed in the linear viscoelastic regime. The strain was kept at 0.1% and a dynamic frequency sweep from 0.1 to 10 rad/s was conducted to measure the storage modulus *G*′ and loss modulus *G*″.

Liposome Release Study {#sec4.6}
----------------------

To study liposome release from the hydrogel, the AuC--liposomes were labeled with DMPE-RhB. Then 0.5 mL of hydrogel was cast in a 50 mL centrifuge tube. After the gel was fully formed (approximately 4 h), each tube was added with 50 mL DI water at pH = 7.4. The tube was then placed in an incubator at 37 °C under gentle shaking. At predetermined time points, 500 μL of liquid was collected from the tube. The hydrodynamic size and surface zeta potential of the released liposomes were measured by using the Malvern Zetasizer ZS (Malvern Instruments, U.K.). The mean diameter and zeta potential were determined through DLS and electrophoretic mobility measurements, respectively. All characterization measurements were repeated three times at 25 °C. To quantify the amount of liposomes released from the hydrogel, the pH level of the liquid taken from the tube was adjusted to pH = 4.5 by using HCl. Then 15 μL of 10% Triton X-100 was added to each tube and the microtubes were centrifuged at 14 000*g* for 10 min to precipitate gold nanoparticles. The fluorescence intensity of the supernatant was quantified by using a fluorescent spectrophotometer (Infinite M200, TECAN, Switzerland) at an excitation wavelength of 470 nm.

Bacterial Culture {#sec4.7}
-----------------

*S. aureus* bacteria (strain MRSA252) were cultured on tryptic soy broth (TSB) agar overnight at 37 °C. Then a single colony was inoculated in TSB medium and the medium was cultured in a rotary shaker at 37 °C. Overnight culture was refreshed in TSB medium at 1:100 dilution and under shaking for another 3 h until the OD~600~ of the culture medium reached approximately 1.0 (logarithmic growth phase). The bacteria were then harvested by centrifugation at 5000*g* for 10 min, and then washed with sterile PBS twice. After the removal of PBS by centrifugation, the obtained bacteria pallet was then suspended in an appropriate amount of sterile PBS for future use.

AuC--Liposome Fusion with Bacteria {#sec4.8}
----------------------------------

For experiments, 1 mL of *S. aureus* bacteria at a concentration of 5 × 10^8^ CFU/mL (determined by OD~600~ measurement, OD~600~ = 1.0 corresponding to ∼1 × 10^8^ CFU/mL) was added to 0.5 mL of hydrogel containing fluorescently labeled AuC--liposomes. The solutions were then adjusted to desired pH values. After 30 min incubation, the bacteria suspension was collected and the bacteria were washed three times. The bacterial pellets were resuspended in 1 mL of PBS (1×, 10 mM Na~2~HPO~4~, 2 mM KH~2~PO~4~, 2.7 mM KCl, and 137 mM NaCl). For microscopic study, 5 μL of bacterial suspension was dropped on a poly-[l]{.smallcaps}-lysine coated cover slide. After the liquid was dried at room temperature, the slide was mounted by using Vectashield mounting medium with DAPI and the fluorescence images were obtained by using a Delta Vison deconvolution microscope. To quantify the overall fluorescence intensity of the bacteria, 200 μL of bacterial suspension was added to a well of 96-plate. The fluorescence intensity was measured by using a fluorescent spectrophotometer. The experiment was carried out in triplicate and the average value was reported.

Skin Toxicity Study {#sec4.9}
-------------------

To evaluate the skin toxicity of AuC--liposome hydrogel, ICR mice at 6 weeks of age were purchased from Charles River Laboratories. Mice were shaved on the back 24 h prior to the study. Then the AuC--liposome hydrogel was applied on the shaved area once daily for a period of 7 days. Mice treated with PBS served as a negative control. To prevent the gel from drying out, the skin was covered with gauzes. Twenty-four hours after the last topical administration, the mice were sacrificed and the skin was cross-sectioned by 8 mm biopsy punch for histological examination. The skin tissues from each mouse were fixed in buffered 10% formalin for 18 h and then embedded in paraffin. The tissue sections were stained with hematoxylin and eosin (H&E). Epithelial cell apoptosis was evaluated by the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay (Boehringer Mannheim, Indianapolis, IN). Sections were visualized by Hamamatsu Nanozommer 2.0HT. Images were processed using NDP viewer software. Five mice were used for each test group (*n* = 5).
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Additional information includes the morphological observation of AuC--liposome hydrogel, and the stability of gold nanoparticles and AuC--liposomes in the hydrogel. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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